conditions. Post-translational modification of the master regulatory transcription factors that define the initial phenotype is a common strategy to direct such transitions. Emerging evidence indicates that the modification of key transcription factors by the small polypeptide ubiquitin has a central role in many of these transitions 1,2 . However, the molecular mechanisms by which ubiquitylation regulates the switching of promoters between active and inactive states are largely unknown. Ubiquitylation of the yeast transcriptional repressor α2 is necessary to evoke the transition between mating-types 3 , and here we dissect the impact of this modification on α2 dynamics at its target promoters. Ubiquitylation of α2 does not alter DNA occupancy by depleting the existing pool of the transcription factor, despite its well-characterized function in directing repressor turnover. Rather, α2 ubiquitylation has a direct role in the rapid removal of the repressor from its DNA targets. This disassembly of α2 from DNA depends on the ubiquitin-selective AAA-ATPase Cdc48. Our findings expand the functional targets of Cdc48 to include active transcriptional regulatory complexes in the nucleus. These data reveal an ubiquitin-dependent extraction pathway for dismantling transcription factor-DNA complexes and provide an archetype for the regulation of transcriptional switching events by ubiquitylation.
Cell identity in Saccharomyces cerevisiae is determined by a set of master regulatory transcription factors that dictate cellular phenotype by regulating mating-type-specific gene-expression programs 4 . These regulators, and the gene-expression states they control, must be labile, as transitions between the two haploid mating types occur readily and are evident phenotypically within the span of a single cell-cycle 5 . For example, the α2 regulator represses the transcription of one cell-type-specific gene set to help define the α cell phenotype. Upon the genetic switch of mating-type information, α2 expression is lost; the existing pool of the α2 repressor is rapidly turned over (α2 half-life is ~5 min) [6] [7] [8] and its regulatory targets are de-repressed, allowing the transition to a new cellular phenotype 3 . This rapid destruction of α2 is governed by the ubiquitin-proteasome pathway 7, 9, 10 , and if this process is impaired phenotypic switching is delayed 3 .
As α2 promoter occupancy is critical for its function, it is the elimination of this promoter-bound pool of α2 that is of paramount importance for the mating-type transition. To explore the role of ubiquitylation in directing mating-type switching, we first determined how long the DNA operator-bound fraction of α2 occupies its binding sites, using chromatin immunoprecipitation (ChIP) following the repression of new α2 synthesis with cycloheximide. After cycloheximide treatment, α2 was lost in a complex manner: initially, the level of occupancy remained relatively constant, decaying rapidly only after a > 5 min lag (Fig. 1a ). This apparent biphasic decay contrasted with the behaviour of the bulk population of the α2 protein, which was degraded with first-order kinetics (Fig. 1a ). The discrepancy in the behaviour of these two pools of α2 was surprising, as we expected that the DNA-bound and the free populations would be highly dynamic -as is the case with other transcription factors [11] [12] [13] [14] -and in rapid equilibrium, such that the rate-determining step for the removal of α2 from its DNA sites would be the rate of α2 turnover.
As the loss of α2 from DNA did not mirror the decay of the entire pool of the protein, we considered two alternative interpretations. In the first, α2 does indeed associate with its DNA target sites in a highly dynamic fashion, but there is an excess of α2 protein in cells. The observed lag in the loss of α2 from DNA would then reflect the time required to degrade this excess pool of α2 down to a concentration below that necessary for effective association with its DNA-binding sites (its dissociation constant). In the second interpretation, the fraction of α2 bound to its DNA operators and co-factors is a substrate for ubiquitylation, but here the modification facilitates the removal of the protein from DNA. In this case, the lag observed in the cycloheximide-chase-ChIP experiments would reflect the time α2 remains in a DNA-bound complex before remodelling occurs.
To distinguish between these models, we determined the effects of α2 concentration on promoter occupancy. If the lag in the loss of α2 occupancy represents the time required to degrade α2 below its dissociation constant, then increasing the amount of α2 in cells should increase the length of the lag in a manner directly related to the level of α2 expression and the in vivo half-life of the protein. For example, if the level of α2 is increased 4-fold in cells, then the lag time observed in these cells should increase by two half-lives (or 10 min). To vary its steady-state levels, α2 was expressed in cells from a multi-copy vector or from promoters of different strengths. Using this system, we obtained a broad range of α2 levels (from ~4-fold to ~125-fold greater than the endogenous level; Fig. 1b ), without significantly altering the rate of α2 turnover ( Fig. 1c and data not shown) 6 . Remarkably, the large increases in the quantity of α2 expressed in cells did not alter the fraction of α2 that remained bound to a target gene promoter after the repression of new α2 synthesis (Figs 1c, d). For example, in cells over-producing α2 from the GAL1 promoter, which express ~60-fold more protein (Fig. 1b) , the dissociation of α2 was nearly identical to that in cells expressing endogenous levels of the protein (Fig. 1c ). These results, showing that dramatically increasing the amount of α2 does not enhance the DNA-binding lag time, suggest that the concentration of α2 in wild-type cells may already be well below that necessary to saturate its DNA-binding sites in vivo. Indeed, measurements of the amount of endogenous α2 in cells indicate that the concentration of α2 is ~3-fold less than its dissociation constant, as determined by in vitro DNA-binding assays [15] [16] [17] [18] [19] [20] .
To investigate this inference directly, we determined the relationship between α2 protein levels and binding to its sites in target-gene promoters in vivo using ChIP assays. In cells expressing increased amounts of α2, the level of association with the STE6 promoter increased in a dosedependent manner ( Fig. 2a ). Similar increases in DNA-binding upon α2 overexpression were observed at five other known genomic targets of the protein ( Supplementary Information, Fig. S2 ), indicating that the concentration of endogenous α2 is well below its in vivo dissociation constant. To confirm this observation with another assay that is independent of potential antibody avidity effects, we performed genomic footprinting analyses that similarly probe DNA-protein interactions in vivo but do not use immunoprecipitation. Maps of α2-target promoters were obtained Relative levels of steady-state α2 expression in cells where α2 is expressed from a multi-copy vector (2μ) or from several different promoters. Cells containing two copies of a P GAL1 -α2 construct are denoted 2 × P GAL1 . Error bars represent mean ± s.e.m., n = 3. (c) The dissociation of α2 from its DNA-binding site in the STE6 promoter compared with the degradation kinetics of the α2 protein after the addition of CHX to cells overexpressing α2 from the GAL1 promoter. Note the similarity to data in a despite the overexpression of α2. Error bars represent mean ± s.e.m., n = 3 for the DNA-binding assays. The data for the determination of the amount of α2 are the average from two independent experiments. (d) Dissociation of α2 from its STE6 DNA binding site after addition of CHX to cells expressing varying amounts of α2. The time-course was expanded and the data from all of the different overexpression conditions were plotted together to highlight the observation that no increase in the DNA-binding lag time was apparent in cells expressing increased amounts of α2, which is in contrast to the specific prediction of a model in which α2 is depleted below its dissociation constant. The data for wild-type and P GAL1 -α2 cells from a and c, respectively, are included for comparison. Note that the DNA-binding lag time is not apparent in d because, in several of these experiments, samples were not taken multiple times during the first 5 min. For this reason and for simplicity, all of the dissociation curves in d were fit to an exponential decay. For easier visualization of the individual trends, the data in d are split into two parts and plotted again in Supplementary Information, Fig. S1 . Error bars represent mean ± s.e.m., n = 3. WT, wild-type.
at nucleotide-resolution using dimethyl sulphate (DMS) modification followed by primer extension. When compared with MATa cells that do not express α2, α cells showed protection of a guanine residue in the α2-binding site upstream of STE6 and STE2 (Figs 2b, c, arrows), in agreement with previous reports 15, 21 . However, this protection from DMS attack was not absolute on either α2 target, and was strongly increased in cells expressing higher levels of α2 (Figs 2b, c) . In addition, several other residues within the α2-binding sites in both promoters gained protection from methylation or showed enhanced DMS modification in cells where α2 expression was augmented (Figs 2b, c) . The results from these genomic footprinting assays are consistent with those from the ChIP experiments ( Fig. 2a ) and demonstrate that α2 does not fully occupy its DNA-binding sites in vivo. Thus, the concentration of α2 in MATα cells must be below its in vivo dissociation constant. Taken together with the observations described above ( Fig.1c, d ), these findings are strongly inconsistent with a role for the ubiquitin system in the depletion of α2 below its dissociation constant.
As the dynamics of α2-target promoter interactions were not influenced by α2 concentration, we next determined whether the ubiquitylation of α2 has a role in the removal of the protein from its DNA targets. At least two different ubiquitylation pathways target α2 for rapid turnover 7,8 (Y. Xie and M. Hochstrasser, personal communication). When both of these pathways were disrupted, the binding of α2 to its DNA target sites strongly persisted after α2 expression was inhibited ( Fig. 3a ). For example, in cells lacking the E2 ubiquitin-conjugating enzymes Ubc4 and Ubc6, ~50% of the ChIP signal from α2 binding to the STE6 promoter remained 60 min after α2 expression was blocked. Similar results were observed in double mutant cells deleted for the genes encoding the E3 ubiquitin ligases Doa10 and Slx5-Slx8 ( Fig. 3a) . These observations contrast greatly with those from wild-type cells and from singly mutant cells that show wild-type levels of ubiquitylated α2 (ref. 7) . The wild-type and single-mutant strains showed background levels of α2 binding to STE6 promoter DNA only 20 min after the loss of α2 expression ( Fig. 3a and data not shown). The α2 protein was stabilized in all of these double mutant backgrounds, resulting in a ~7-fold increase in the steady-state level of the protein (Fig. 3b ) and a ~2-fold increase in target-gene binding (data not shown). However, the strong persistence of α2 occupancy that was observed cannot be explained simply by such a modest increase in the level of the protein or target-gene binding, as much higher levels of α2 expressed from strong promoters did not lead to any appreciable change in the dynamics of the α2-DNA interaction ( Fig. 1b-d ). Therefore, these results indicate that α2 ubiquitylation has a direct role in the remodelling of this transcription factor complex.
One mechanism used by cells for the remodelling of transcriptional regulators on DNA involves molecular chaperones. For example, protein-DNA complexes containing nuclear hormone receptors in mammalian cells are actively disassembled by the molecular chaperone p23 (Sba1 in yeast) 22 . Therefore, we examined the dynamics of α2-target promoter interactions in wild-type and sba1Δ cells, but observed no differences (A. DeSimone and J.D.L., data not shown), suggesting that other chaperones may function to disassemble α2-containing complexes. Given that the removal of α2 from its cognate promoters depends on the ubiquitylation machinery that targets α2 ( Fig. 3a) , we determined whether Cdc48, a ubiquitin-selective AAA ATPase, has a role in remodelling these complexes. Perhaps the best-characterized function for Cdc48 is in dislocating substrates into the cytosol during α2 was expressed in cells from its endogenous promoter, P tet07 , P GPD or P GAL1 promoters, or in cells carrying two copies of a P GAL1 -α2 construct. Error bars indicate mean ± s.e.m., n = 6 for the DNA-binding assays, except for those from wild-type cells, where n = 12, and n = 3 for the determination of the relative α2 concentration. endoplasmic reticulum-associated degradation, but it also has been implicated in a growing number of additional cellular pathways where it uses the energy from ATP hydrolysis to generate a mechanical force that can disassemble protein complexes or extract proteins from intracellular structures [23] [24] [25] [26] [27] [28] [29] [30] . If the Cdc48 complex similarly promotes the dissociation of α2 from its DNA targets, then loss-of-function mutations in CDC48 should lead to persistent α2-target-gene binding after α2 synthesis is blocked. To test this notion, α2 occupancy of the STE6 promoter was determined by cycloheximide-chase-ChIP experiments in congenic wild-type and temperature-sensitive cdc48 mutant cells. The association of α2 with this target promoter was quickly diminished in wild-type cells, but persisted in the absence of functional Cdc48. The dynamics of α2 binding were strongly affected in cdc48-2 cells and were altered in a more complex manner in cdc48-3 and cdc48-14 mutants: soon after α2 synthesis was blocked, STE6 occupancy remained relatively high and was similar to that observed in cdc48-2 mutants, but then decayed more rapidly ( Fig. 3c; Supplementary Information, Fig. S3 ).
The activity of Cdc48 is linked to specific cellular pathways by a set of ubiquitin-binding adaptors and one of the best characterized adaptors is the Ufd1-Npl4 complex 30 . In ufd1-2 mutants, α2 binding dynamics were similar to that seen in cdc48-3 strains, while a much more modest defect was observed in two different npl4 strains ( Fig. 3c and data not shown). Interestingly, the stability of the entire steady-state population of α2 was increased in cdc48-2 mutants but was not altered by cdc48-3, cdc48-14 or any of the adaptor mutants ( Fig. 3d ; Supplementary  Information, Fig. S4 ). The finding that α2 showed persistent occupancy of its target promoter in cdc48-3, cdc48-14 or ufd1-2 mutant cells in the absence of any increase in the stability of the protein provides particularly compelling evidence that α2 is not lost from its DNA sites by simple biochemical dissociation; instead, these results indicate that the rapid disassembly of the α2-DNA complex requires the activity of the ubiquitin-selective AAA-ATPase Cdc48. Furthermore, the differential effects of these cdc48 mutants on α2 suggest that Cdc48 mediates two different aspects of α2 metabolism: its dissociation from target promoters and its destruction by the ubiquitin-proteasome pathway. The observation that the Cdc48 complex is necessary for the dissociation of α2 from its DNA targets suggests that the promoter-bound fraction of α2 is ubiquitylated, as most, if not all, functions of Cdc48 are dependent on the ability of the AAA-ATPase to bind to ubiquitylated proteins 30 . To directly test this hypothesis, we measured the levels of Time after CHX addition (min) Time after CHX addition (min) Cdc48 and the ubiquitylation machinery of α2 are actively involved in α2 dissociation from DNA. (a) Dissociation of α2 from its DNA-binding site in the STE6 promoter in cells deficient in α2 ubiquitylation after the addition of cycloheximide (CHX). The data for wild-type cells in the JY102 background is the same as that presented in Fig. 1 . For simplicity, the dissociation curves for wild-type cells were fit to an exponential decay. Note that these ubiquitylation-deficient strains show a ~2-fold increase in α2-DNA binding relative to wild-type strains. (b) Steady-state α2 expression levels in cells that are deficient in α2 ubiquitylation. Note that these ubiquitylation-deficient strains show a ~7-fold increase in steady-state levels of α2, whereas cells containing two copies of a P GAL1 -α2 construct have ~125-fold more α2 than wild-type cells, and their dissociation kinetics do not seem to be affected. (c) Dissociation of α2 from its DNA-binding site in the STE6 promoter after the addition of CHX at the non-permissive temperature (37 °C). In the time-courses shown in a and c, the DNA-binding lag time is not apparent because, in most of the experiments, multiple samples were not taken during the first 5 min of the time-course. To control for the specificity of these dissociation defects in cdc48 mutants, we determined the dynamics of α2 binding in cdc48-3 strains grown at the permissive temperature (30 °C) and observed that α2 dissociated from its DNA targets with wild-type kinetics (data not shown). (d) Degradation of α2 after the addition of CHX at the non-permissive temperature (37 °C). The data are the average from at least two independent experiments, except in b where error bars represent s.e.m., n = 3; time-courses are fit to an exponential decay, except for the DNA dissociation time-course of cdc48-3 and ufd1-2, which are best fit to a polynomial (3). WT, wild-type. modified α2 by a chromatin double immunoprecipitation (ChDIP) assay and observed that ubiquitylated α2 was modestly enriched at the STE6 promoter relative to the untagged ubiqutin background (Fig. 4) . The involvement of Cdc48 in the dissociation of α2 from its DNA target sites suggests that the amount of ubiquitylated α2 on promoter DNA may be enhanced when the function of Cdc48 is abrogated. In agreement with this idea, the level of STE6 promoter DNA associated with ubiquitylated α2 was increased when ChDIP was performed with chromatin from cdc48-14 cells (Fig. 4) . As other chromatin-associated proteins are ubiquitylated (for example, histone H2B) 31 and potentially could be co-precipitated with α2, it was important to determine that the enrichment observed at STE6 was due to ubiquitylated α2 and not another factor. If the ChDIP signal truly represented ubiquitylated α2, it should have been diminished when cells were deleted for the genes encoding Doa10 and Slx5-Slx8, the ubiquitin ligase enzymes that target α2 (Y. Xie and M. Hochstrasser, personal communication) 8 . Indeed, when ChDIP was performed with chromatin from cdc48-14 slx8Δ doa10Δ cells, the signal was reduced to near-background levels (Fig. 4) . Interestingly, the ChDIP signal was only modestly reduced when cdc48-14 slx5Δ doa10Δ cells were analysed, implying that Slx8 has at least residual ubiquitin ligase activity in vivo, even in the absence of its heterodimeric partner Slx5, similar to its activity in vitro 32 . In addition, we determined that the enrichment of STE6 promoter DNA containing ubiquitylated α2 in cdc48-14 cells was similar to that found in strains containing cdc48-14 and any of the single ubiquitin ligase deletions ( Supplementary Information, Fig. S5 ). Because α2 ubiquitylation is reduced only when both of its ubiquitin-conjugation pathways are disrupted 7 , these results are further evidence that the ChDIP signals represent ubiquitylated α2. Taken together, these observations indicate that the functionally engaged pool of α2 is ubiquitylated in vivo, consistent with its CDC48-dependent removal from DNA.
The data presented so far suggest a model in which the pool of α2 functionally engaged with its target promoters is ubiquitylated and that this modification targets the AAA-ATPase Cdc48 to these protein-DNA complexes for their rapid disassembly. A strong prediction of this model is that Cdc48 activity is required for the timely de-repression of α2 target genes, as the persistent binding of α2 in the absence of Cdc48-dependent dissociation should lead to the continued repression of these promoters. To examine this hypothesis, we analysed the de-repression of STE6 mRNA in wild-type and cdc48-3 strains in which the sole copy of α2 was expressed from a doxycycline (DOX)-repressible promoter. The cdc48-3 mutant was chosen specifically because the rapid turnover of α2 is not altered in this strain (Fig. 3d) . In wild-type cells, the expression of STE6 was rapidly de-repressed, showing a burst of transcripts that peaked 45 min after the addition of DOX before decaying to the steady-state levels observed in MATa cells. In contrast, the de-repression of STE6 transcription was severely blunted in cdc48-3 cells: no burst of STE6 transcripts was apparent and the accumulation of mRNA only slowly approached the level of STE6 in MATa cells (Fig. 5) . Thus, the rapid disassembly of α2-promoter DNA complexes by Cdc48 is required for the robust and timely de-repression of an α2 target gene.
Similarly to many other transitions in cellular identity, the switching of yeast cells from one mating-type to another is dependent on two processes: blocking of the continued expression of the master regulatory proteins of the initial state and the rapid inactivation of the existing pool of the same regulators. Perhaps the most efficient means of inactivating a protein is to induce its destruction and, not surprisingly, many cell-and organism-based phenotypic transitions are dependent on the ubiquitinproteasome pathway 33, 34 . Our studies on the transcriptional repressor α2, however, indicate that ubiquitylation contributes to cellular dynamics through an additional pathway that is independent of protein stability. Given the growing number of transcription factors that have been shown, or inferred, to be targets of ubiquitylation and the increasing The rapid dissociation of α2 from promoter DNA is required for the timely de-repression of an α2 target gene. The de-repression of STE6 transcription after the doxycycline-induced loss of α2 was determined by quantitative reverse transcription-PCR (qRT-PCR). Doxycycline was added to cells containing a P tetO2 -α2 construct to inhibit α2 synthesis and the amount of STE6 mRNA was normalized to that of ACT1 mRNA. Wild-type and cdc48-3 cells containing P tetO2 -α2 were grown at the non-permissive temperature (37 °C). The amount of STE6 mRNA in wild-type MATa and MATa cdc48-3 strains are shown for comparison (black and grey bars, respectively). Data are the average from two independent experiments.
links between components of the ubiquitylation machinery and transcriptional activity 2 , the previously unappreciated ubiquitin-mediated remodelling of promoters is likely to profoundly impact the regulation of gene expression in eukaryotes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/.
Note: Supplementary Information is available on the Nature Cell Biology website. Table S1 lists the strains used in this study. Yeast strain construction, growth and transformation were carried out using standard protocols. Proper integrations and deletions were verified by PCR, western blotting and/or phenotypic assays. After the transformation of a cdc48-2 strain, the cdc48-14 allele was fortuitously isolated as a partial revertant. Strains containing cdc48-14 grow weakly at 37 °C , the non-permissive temperature for cdc48-2, and sequencing of the cdc48-14 allele indicates the presence of the original cdc48-2 mutations as well as an additional mutation. The ufd1 and npl4 mutations were introduced into the RHY2455 genetic background by back-crossing five times. The internally haemagglutinin (HA)-tagged α2 construct was generated by replacing the sequence encoding α2 residues Leu 104 and Thr 105 with a BglII site. Using this restriction site, a 3×HA tag was inserted with (GS) 3 linkers on each side. This was subcloned into p306GAL1 (the insert containing the GAL1 promoter-polylinker-CYC1 terminator from p414GAL1 (ref. 35) subcloned into pRS306) and integrated into the URA3 locus. Strains carrying this epitope-tagged version of α2 complemented the mating-defective phenotype of α2Δ mutant cells. The 3×Flag-tagged ubiquitin and untagged ubiquitin constructs were generated by subcloning PCR fragments containing ubiquitin or amino-terminally 3×Flag-tagged ubiquitin into the p425GPD 36 vector.

Yeast strains and plasmid construction. Supplementary Information,
Chromatin immunoprecipitation. Yeast strains were grown at 30 °C to OD 600 = ~0.5. Wild-type and non-induced strains were grown in yeast rich media (1% yeast extract and 2% peptone) with 2% dextrose, P GAL1 -α2 strains were induced in yeast-rich media without dextrose and supplemented with 3% raffinose and 3% galactose, P MET25 -α2 and 2μ-α2 (wild-type cells transformed with YEp13-MATα) strains were induced in yeast minimal media (SD) with 2% dextrose, and lacking methionine or leucine, respectively. Temperature-sensitive mutant strains were grown in yeast-rich media at 25 °C to OD 600 = ~0.3, then incubated at 37 °C for 1 h before addition of cycloheximide. For each time-course, cycloheximide was added to each culture to a final concentration of 0.2 g l -1 at t = 0. Then, and at each subsequent timepoint, 50 ml aliquots were removed and added to formaldehyde (2% final concentration) and sodium azide (20 mM final concentration). Crosslinking continued for 7 min at 30 °C and was quenched with excess glycine (125 mM final concentration). The isolation of chromatin, chromatin fragmentation by sonication, immunoprecipitation and the purification of immunoprecipitated DNA were performed essentially as described prevously 37 . Chromatin samples were pre-cleared with protein A-agarose beads and immunoprecipitated with polyclonal α2 antisera. The amount of DNA in each immunoprecipitate and input was determined using quantitative PCR. The time-courses in Figs 1a and c were fit to an exponential decay, except for the first 6 min where they were fit linearly. The biphasic nature of the dissociation was based on the relatively poor fit of the entire data set (R 2 = 0.937 for data in Fig. 1a and R 2 = 0.950 for data in Fig. 1c ) compared with the better fit of the time points after the first 6 min (R 2 = 0.981 for data in Fig. 1a and R 2 = 0.992 for data in Fig. 1c) to an exponential decay.
Chromatin double immunoprecipitation. Plasmids overexpressing 3×Flagtagged and untagged ubiquitin were transformed into wild-type or cdc48-14 cells containing P GAL1 -α2 HA and grown in minimal media, containing 3% raffinose, 3% galactose and lacking leucine, at 25 °C to OD 600 = ~0.3, followed by a temperature shift to 37 °C for 1 h. The initial ChIP was performed as described above with the following exceptions: cross-linking was performed at 37 °C for 1 h before quenching, the primary antibody used was a monoclonal anti-HA antibody (12CA5, Roche). Incubation was overnight at 4 °C, and α2 HA -DNA complexes were eluted using lysis Buffer + 1 mg ml -1 HA peptide for 30 min at 30 °C. The eluate was cleared with Protein G Beads (Roche) for 1 h at 4 °C and then added at a 1:1 ratio to lysis buffer + 50 μg ml -1 λ DNA, 100 μg ml -1 tRNA and 10 mg ml -1 BSA. This material was incubated with a monoclonal anti-Flag (M2) antibody (Sigma) overnight at 4 °C, followed by incubation with Protein G Beads for 2 h, all with rotation. The immunoprecipitates were washed three times with IP wash buffer (1% Triton X-100, 0.1% SDS, 50 mM Na-HEPES at pH 7.5, 150 mM NaCl and 5 mM EDTA). Immunoprecipitated DNA was purified as described above and analysed by quantitative PCR.
Immunoprecipitation and western blotting. Appropriate volumes of each strain were pelleted, resuspended in 80 μl 0.1M NaOH per OD for 5 min at room temperature and re-pelleted. The supernatant was removed and the pellets were resuspended in 100 μl SDS Buffer (1% SDS, 45 mM Na-HEPES at pH 7.5, 15 mM DTT). These samples were boiled for 5 min, diluted with 1 ml Triton lysis buffer (same as IP wash buffer minus SDS), and cleared lysates were immunoprecipitated with a polyclonal anti-α2 antibody. Immunoprecipitates were fractionated by SDS-PAGE, blotted to Immobilon membrane (Millipore), and visualized using the anti-α2 serum, Qdot 605 or 655 anti-rabbit conjugates (Invitrogen), and a Typhoon 9410 Variable Mode Imager. The immunoblots were quantified using ImageQuant software.
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tagged α2 were then loaded onto another SDS-PAGE gel with α2 immunoprecipitated from various quantities of cells. This gel was immunoblotted with an anti-α2 polyclonal antibody and signal was quantified using Qdot-conjugated secondary antibodies and the Typhoon Imager to calculate the amount of α2 per OD 600 of cells. Figure S1 Over-expressing α2 does not alter the dynamics of α2-DNA binding. Dissociation of α2 from its STE6 DNA-binding site after addition of CHX to cells expressing varying amounts of α2. For easier visualization of the different trends, the data from Fig. 1d is split into two parts and plotted in a and b. Note that the DNA-binding lag time is not apparent in many of these experiments because only a small number of samples were taken during the first five minutes of the timecourse. For this reason and for simplicity, all of the dissociation curves were fit to an exponential decay. Error bars represent s.e.m., n =2-8; min= minutes. 
Figure S2
Over-expressing α2 increases the binding of α2 to DNA at several different α2 target promoters. Quantitation of the α2 ChIP signal at the indicated α2 target gene promoters. α2 was expressed from its endogenous promoter (wt) or from the GAL1 promoter (P GAL1 ). Arbitrary Units P GAL1 wt P GAL1 wt P GAL1 wt P GAL1 wt P GAL1 wt Figure S3 cdc48-14 inhibits α2 dissociation from DNA. Dissociation of α2 from its DNA-binding site in the STE6 promoter after the addition of CHX at the non-permissive temperature (37°C). Error bars represent s.e.m., n =4; time-courses are fit to an exponential decay (wild-type) or a polynomial (3) (cdc48-14); min= minutes. 
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